Diffuse Large B-cell Lymphoma (DLBCL) is a highly heterogeneous cancer of B cells. Apart from cell-of-origin, genetic variations have been observed to contribute towards heterogeneity leading to different pathogenic mechanisms and overall survival outcomes. Various classification schemes have been proposed that may aid in risk stratification and developing new therapeutics for those who fail frontline therapy. This mini review highlights the significance of genetic variations as biomarkers for DLBCL and ease in extending it to clinical setting. genes and hence, subtype-specific mechanisms of tumorigenesis cannot be comprehended through these conventional approaches.
Background
Diffuse Large B-cell Lymphoma (DLBCL) is the most common lymphoid malignancy in adults, accounting for ~35% of Non-Hodgkin's lymphoma cases worldwide. Several classification systems have been proposed based on shared morphology, immunophenotype, genetic alterations, clinical outcomes, etc., to decipher the mechanisms of pathogenesis and design suitable therapy. Classification of DLBCL into cell-of-origin (COO) subtypes, Germinal Centre B-cell (GCB) and Activated B-cell (ABC), has been traditionally defined as low-and highrisk patient groups respectively when treated with chemotherapy [1] . Several previous studies have shown a diverse set of genetic and epigenetic factors affecting few key pathways in each subtype. For example, the GCB subtype is mostly characterized with alterations in chromatinmodifying enzymes, activated PI3K pathway, disruption of Gα migration pathway components and frequent structural variants of BCL2 gene, while ABC subtype is often associated with increased NF-κB activity, altered BCR signalling, perturbed terminal B cell differentiation, etc. The differences in the genetic profiles of the two subtypes have been associated with differential response to treatment, with ABC subtype exhibiting poorer outcomes compared to GCB subtype when treated with standard rituximab, cyclophosphamide, doxorubicin (Adriamycin), vincristine (Oncovin) and prednisone (R-CHOP) immuno-chemotherapy. Moreover, relapsed/refractory DLBCL is observed in ~30-40% of the treated cases.
Traditional methods for subtype identification
From previous clinical studies, it is evident that correct diagnosis of the subtype (GCB/ ABC) at an early stage is important for effective personalized treatments. Gene expression profiling (GEP) is one of the earliest techniques to classify the DLBCL subtypes and several studies have indicated a varying set of differentially expressed genes having predictive and prognostic value. For example, overexpression of genes BCL6 and NFKB1 are exclusively associated with GCB and ABC subtypes, respectively [2] . As GEP is not routinely available in clinical use, immunohistochemical (IHC) algorithms have been developed to predict the patient's cancer subtype and outcome. Among these, Visco-Young algorithm is a recent method that considers the expression of CD10, FOXP1 and BCL6 and has shown higher concordance with GEP results for DLBCL classification with prognostic significance [3] . Though frequently used in clinical practice, these traditional approaches suffer from certain limitations. The mRNA quality of tumour cells considered for GEP is generally deteriorated due to formalinfixed, paraffin-embedded (FFPE) tissues, resulting in a large number of false predictions. The IHC methods may show reaction bias (e.g., specimen fixation) and interpretation bias (e.g., selection of antibody panels, types and clones and assessment of results) leading to a number of false positives and false negatives [4] . Also, the exact cause of differential expression of
Genetic variations as potential biomarkers
Genetic Variations, ranging from single nucleotide variations to large structural alterations (insertions and deletions, inversions, translocations and copy number variations (CNVs)) have been shown to play a potential role in the predisposition of several cancers, including DLBCL. Recently, genome-wide studies of DLBCL using next-generation sequencing (NGS) have revealed a large number of somatic mutations that may contribute to the heterogeneous behaviour of DLBCL [5] . Few NGS studies have also analysed copy number alterations to understand the molecular heterogeneity in DLBCL subtypes [6] . Table 1 summarizes few known genetic aberrations associated with GCB and ABC subtypes that may serve as diagnostic and/or prognostic markers. In a recent study [7] , integrated analysis of targeted next-generation sequencing of 106 genes and genomic copy number alterations (CNAs) in 150 DLBCL patients revealed differential profile of mutations and CNVs, resulting in altered pathogenic pathways in the two subtypes. Importantly, the prognostic value of NOTCH signalling pathway (NOTCH1/NOTCH2 mutations) and deletion of TP53/CDKN2A involved in cell cycle were shown to be associated with poor outcome across both the subtypes. Genetic variations and their associated immuno-oncogenic pathways identified are often targetable, and a number of drugs are already undergoing clinical trials. For example, somatic mutations in histone acetyltransferases, CREBBP and EP300, lead to DLBCL lymphomagenesis (mostly found in GCB subtype). In such cases, inhibition of histone deacetylase (HDAC) indicates a promising therapeutic strategy due to their precise selectivity and tolerable levels of toxicity in humans [8] . Recently, novel classifications of DLBCL subtypes have been proposed based on genetic variants. For instance, genomic and transcriptomic analysis of 574 DLBCL biopsy samples revealed four distinct subtypes, viz. MCD (co-occurrence of MYD88L265P and CD79B mutations), BN2 (BCL6 fusions and NOTCH2 mutations), N1 (NOTCH1 mutations), and EZB (EZH2 mutations and BCL2 translocations) [9] . In another study [10] on a cohort of 304 primary DLBCL cases identified five distinct molecular subsets, including a novel GCB/ABC independent group (C0), based on genetic variations. Some of the key genetic variations in clusters include C1: BCL6 structural variations, C2: TP53 mutations, CDKN2A and RB1 deletions, C3: BCL2 mutation and PTEN deletion and C4: alterations in histone genes. These subtypes exhibited distinct molecular profiles, activation/inhibition of different pathogenic pathways and varied response to immuno-chemotherapy, affecting the overall outcome of patients. Clearly, a high genetic complexity is observed and traditional COO classification categorizing patients into GCB or ABC subtypes is not sufficient for patient stratification and recognizing potential targets for new intervention strategies. Developing gene panels that can be easily used in a clinical setting may provide a solution, e.g., 'Lymphopanel' that identifies mutations in 34 genes across 8 immuno-oncogenic pathways [11] .
Conclusion
Genetic variations, which includes sequence (SNVs and short INDELs) and structural variations (CNVs, translocations and inversions), are frequently observed in DLBCL, and act as potential diagnostic and prognostic biomarkers. Functional analysis of these variants would enable in understanding the molecular basis of heterogeneity, patient risk stratification and designing treatment regimens. Although several studies have identified a diverse set of genetic variations associated with the pathogenesis of DLBCL subtypes, a complete spectrum of genetic lesions in these subtypes and their associated pathways still remain to be elucidated. The major challenge is in finding the clinical relevance of recurrent genomic alterations. There clearly is a need for comprehensive resource annotating associations of tumour alterations with pathways, potential drug targets, and their relevant effect on anticancer drugs. Low sequencing costs and fast generation of sequence data has now made it possible to take genetic variant detection, annotation and association from the phenotype to clinical setting.
